Otoferlin, a C2-domain-containing
Introduction
In cochlear hair cells, synaptic transmission involves a highly coordinated process of multivesicular release that is triggered by Ca 2ϩ ions flowing through nearby clustered L-type Ca 2ϩ channels containing the Ca v 1.3 (␣ 1D ) subunit (Glowatzki and Fuchs, 2002; Brandt et al., 2005) . Remarkably, a linear relationship is found between the hair cell Ca 2ϩ current and synaptic vesicle exocytosis (Johnson et al., 2005; Schnee et al., 2005; Beurg et al., 2008) . Also, the synaptic transfer function relating presynaptic Ca 2ϩ current and postsynaptic afferent activity operates in a very efficient linear regimen (Keen and Hudspeth, 2006; Goutman and Glowatzki, 2007) . This linear synaptic transfer function enables sensory information from small graded receptors potentials to be transferred with minimal distortion across the synapse, as in photoreceptors (Thoreson, 2007) .
It has been suggested that otoferlin, a large transmembrane vesicular Ca 2ϩ binding protein with six C2 domains operates as the main Ca 2ϩ sensor for neurotransmitter release at auditory hair cell ribbon synapses (Yasunaga et al., 1999; Roux et al., 2006) . Otoferlin-null (Otof Ϫ/Ϫ ) mice have a very severe hearing impairment as a result of the failure of Ca 2ϩ -evoked exocytosis in cochlear hair cells (Roux et al., 2006; Beurg et al., 2008) . Otoferlin localizes to ribbon-associated vesicles and interacts, in a Ca 2ϩ -dependent manner, with the SNARE (SNAP receptor) complex proteins syntaxin-1 and SNAP25 (synaptosome-associated protein of 25 kDa) in vitro. Moreover, the C2D domain of otoferlin can bind to the Ca v 1.3 subunit of the calcium channel in vitro (Ramakrishnan et al., 2009) .
Synaptic vesicle exocytosis in mammalian vestibular hair cells has, however, not been explored. Like cochlear hair cells, vestibular hair cells express L-type Ca 2ϩ channels containing the Ca v 1.3 subunit (Bao et al., 2003; Dou et al., 2004) and otoferlin (Yasunaga et al., 1999; Roux et al., 2006; Schug et al., 2006) . This protein could thus operate as a Ca 2ϩ sensor for neurotransmitter release in vestibular hair cells too. Despite the fact that Otof Ϫ/Ϫ mice have no apparent vestibular dysfunction in gross behavior tests (Roux et al., 2006; Schwander et al., 2007) , a subtle defect at vestibular hair cell synapses may have been overlooked.
The mammalian vestibular sensory organs are generally described as low-frequency analyzers of head motion from a few hertz down to stationary position (head tilt), yet the vestibular hair cell synapses work with a temporal precision in the millisecond range. Notably, the latency of onset of head motion to onset of eye movement in the vestibular ocular reflex is below 10 ms (Huterer and Cullen, 2002) . Vestibular nerve fibers show a remarkable linear relationship between the action potential dis-charge rate and the velocity of head rotation (Goldberg and Fernandez, 1971; Hullar and Minor, 1999) . These characteristics of linearity and temporal precision, which are similar to those found in auditory hair cells, prompted us to characterize the Ca 2ϩ dependence and kinetics of synaptic exocytosis in mouse vestibular hair cells and study the possible role of otoferlin in these properties.
Materials and Methods

Gravity receptor function: vestibular-evoked potentials
The use of mice herein was approved by the Institutional Animal Care and Use Committee at East Carolina University. Mice were anesthetized by intraperitoneal injections of a ketamine (75 mg/kg) and xylazine (8 mg/kg) mixture. Core body temperature was maintained at 37.0 Ϯ 0.2°C using a homeothermic heating blanket system (FHC Inc.).
Vestibular-evoked potential (VsEP) recordings were based on methods published by Jones et al. (1999 Jones et al. ( , 2006 . These methods were modified for the present study to use a noninvasive coupling system for securing the head to the mechanical shaker. Stimuli were delivered to the head using a voltage-controlled mechanical shaker. The head was coupled to a custom platform with a custom head clip. The head clip was a lightweight plastic spring hair clip with tines modified to encircle the head anterior to the pinnae. The spring clip was screwed to the custom platform mounted to the mechanical shaker. Stainless steel wire was placed subcutaneously at the nuchal crest to serve as the non-inverting electrode. Needle electrodes were placed posterior to the right pinna and at the ventral neck for inverting and ground electrodes, respectively. Traditional signal averaging was used to resolve responses in electrophysiological recordings. Ongoing electroencephalographic activity was amplified (200,000ϫ), filtered (300 -3000 Hz, Ϫ6 dB amplitude points), and digitized (1024 points, 10 s/point). A total of 256 primary responses were averaged for each VsEP response waveform. All responses were replicated.
Linear acceleration pulses, 2 ms duration, were presented to the cranium in the naso-occipital axis using two stimulus polarities, normal and inverted. Stimuli were presented at a rate of 17 pulses/s. Stimulus amplitude ranged from ϩ6 to Ϫ18 dB, re: 1.0 g/ms (where 1 g ϭ 9.8 m/s 2 ) adjusted in 3 dB steps. A broadband forward masker (50 -50,000 Hz, 97 dB sound pressure level) was presented during VsEP measurements to verify the absence of cochlear responses. Recordings began at the maximum stimulus intensity (i.e., ϩ6 dB, re: 1.0 g/ms) with and without acoustic masking, and then intensity was dropped to Ϫ18 dB and raised in 3 dB steps to complete an intensity profile. The first three positive and negative response peaks were scored. The first response peak (i.e., P1 and N1) was used for analyses because this peak represents compound neural activity from the peripheral vestibular nerve (Nazareth and Jones, 1998) . Response peak latency for P1 (measured in milliseconds), peak-to-peak amplitude for P1-N1 (measured in microvolts), and thresholds (measured in decibels, re: 1.0 g/ms) were quantified. Linear regression was used to obtain the latency-intensity and amplitude-intensity slopes for each animal on the unweighted raw data. Descriptive statistics were generated for each genotype. Variability is reported as SD, unless otherwise stated. Independent samples t test was used to compare P1 latency, P1-N1 amplitude, VsEP thresholds, and slopes between genotypes.
Mice were obtained by interbreeding of Otof ϩ/Ϫ heterozygote mice. Tail DNA genotyping was done by PCR (REDExtract-N-Amp tissue PCR kit; Sigma) using primers 5Ј-CACTTGCTTTGTCTCATCTCC-3Ј and 5Ј-GTCACTTCTTCTGGGTATTTC-3Ј. The following PCR products were generated: a single 1.23 kbp product for wild-type (Otof ϩ/ϩ ) mice, a single 507 bp product for knock-out homozygote (Otof Ϫ/Ϫ ) mice, and both PCR products for Otof ϩ/Ϫ mice (Roux et al., 2006) . VsEPs were studied in 2-month-old Otof ϩ/ϩ , Otof ϩ/Ϫ , and Otof Ϫ/Ϫ mice (n ϭ 5, n ϭ 11, and n ϭ 9, respectively). No significant differences (latency Ϫ threshold) were found between Otof ϩ/ϩ and Otof ϩ/Ϫ mice (data not shown).
Recordings from the mouse vestibular utricle
Organ preparation. Experiments were performed on freshly dissected utricular organs from which otoconia were carefully removed from the upper surface of the sensory epithelium after a light enzymatic digestion with proteinase XXIV (50 g/ml for 5 min; Sigma). The extraction from the temporal bone and the dissecting step of the utricle were performed in a cold (5-10°C) perilymph-like solution [in mM: 135 NaCl, 5.8 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 0.7 NaH 2 PO 4 , 5.6 D-glucose, 2 Na-pyruvate, and 10 Na-HEPES, pH 7.4 (osmolality near 300 mmol/kg)]. The dissected sensory organ was then fixed flat, with sterocilia bundles facing up, under a network of dental floss strands anchored at the bottom of the experimental perfusion chamber (PC-H chamber from Siskiyou). The recording chamber was filled with 2 ml of perilymph [supplemented with 1 M TTX (Sigma), 10 mM tetraethylammonium (TEA)-Cl, and 100 nM apamin (Latoxan); during I Ca and ⌬C m recordings], and the organ was continuously perfused at room temperature (22-24°C) at a rate of 100 l/min using a Masterflex LS pump (Cole Parmer Instrument Company). The sensory hair cells were viewed through a 40ϫ LWD water-immersion objective (numerical aperture 0.8) on an Olympus BX51WI microscope.
Electrophysiology. Ruptured-patch whole-cell recordings were obtained using 3-4 M⍀ electrodes pulled from borosilicate glass capillaries (1B150F-4; WPI) on a Sachs-Flaming Microelectropuller (model PC-84; Sutter Instruments). The tip of the recording patch pipettes were carefully fire polished with a microforge (MF-830; Narishige) to improve seal resistance stability and coated with ski wax (SWIX) to minimize pipette capacitance. The internal pipette solution contained the following (in mM): 150 CsCl, 1 MgCl 2 , 5 TEA-Cl, 1 EGTA, 5 Na 2 ATP, 0.5 Na 2 GTP, and 5 Cs-HEPES, pH 7.4 (osmolality near 300 mmol/kg). A liquid junction potential of ϳ2 mV (not corrected in our recordings) was measured between the internal pipette solution and the external solution.
Real-time changes in membrane capacitance (⌬C m ) were made using the "track-in" circuitry of the Optopatch amplifier (Cairn Research) as described previously by Johnson et al. (2002) . A 2.5 kHz sine wave of 18 -20 mV was applied to the cells from a holding potential of Ϫ80 mV. The amplifier output of membrane current, membrane capacitance, and series resistance were acquired and analyzed with a Digidata 1320A interface and pClamp 10 software (Molecular Devices). C m signals were low-pass filtered at 80 Hz. ⌬C m responses were measured 50 ms after the end of the depolarizing pulse and averaged over a period of 100 -300 ms.
Type I and type II hair cells were essentially recorded from the central part of the utricle near the striola zone. Passive membrane properties and access resistance of hair cells were assessed using the membrane test function in Clampex (pClamp 10). No significant differences in C m and series resistance (R s ) were observed between wild-type [type I: R s ϭ 11.46 Ϯ 1.25 M⍀ with C m ϭ 4.11 Ϯ 0.13 pF (n ϭ 45); type II: R S ϭ 11.22 M⍀ Ϯ 1.27 with C m ϭ 3.91 Ϯ 0.14 pF (n ϭ 16)] and Otof Ϫ/Ϫ [type I: R s ϭ 11.07 Ϯ 0.60 M⍀ with C m ϭ 4.24 Ϯ 0.24 pF (n ϭ 23); type II: R S ϭ 11.23 Ϯ 0.81 M⍀ with C m ϭ 4.29 Ϯ 0.16 pF (n ϭ 19)] hair cells. Hair cells that did not present stable R s during experimental recordings were discarded.
For the recordings of spontaneous postsynaptic firing activity (action potentials), cell-attached loose patch recordings (R seal ϭ 15-100 M⍀) from type I hair cell calyces were done in normal 1.3 mM Ca 2ϩ perilymph by using 5-6 M⍀ electrodes pulled from similar glass capillaries. The amplifier was set in either the current-or voltage-clamp mode and held at the zero current potential, with no current injection, with low pass-filter set at 10 kHz. For spontaneous EPSCs recordings, cell-attached tight seals (R seal ϭ 4.4 Ϯ 0.6 G⍀) were performed on type I hair cell calyces under voltage clamp at Ϫ80 mV in the presence of 1 M TTX. We used Mini Analysis Program 6.03 (Synaptosoft) to detect and analyze the peaks of spontaneous miniature synaptic currents. Peak events were detected automatically using an amplitude threshold, two times the average root mean square noise (ϳ5 pA). It is to be noted that our settings of the program analysis, i.e., threshold and period to search (5 ms), resulted in the treatment of most multiphasic events as single peaks. To block spontaneous activity, the preparation was perfused with 50 M NBQX for at least 10 -15 min (Tocris Bioscience).
Identification of type I and type II hair cells. Under differential contrast microscopy, by focusing up and down into the preparation, type I hair cells were recognized with surrounding single or multiple calyces. Furthermore, type I hair cells could also be identified from type II hair cells in our electrophysiological recordings by the expression of g KL , a specific conductance partially permeable to Cs ϩ ions and activated near resting potentials (Rüsch et al., 1998; Bao et al., 2003) . Hair cells presenting a slowly activating outward Cs ϩ conductance at positive potentials were considered to be of type I, whereas other cells were considered of type II. Although our recordings were essentially made in the striola area of the utricle in which faster maturation occurs, it is still possible that some of the hair cells termed type II may correspond to undifferentiated type I hair cells that are not yet expressing g KL and have incomplete calyces at P4 -P9 (Rüsch et al., 1998 
Immunohistofluorescence
Inner ear tissue preparation and immunohistochemistry for the light microscope were performed as reported previously (Roux et al., 2006) on 7-and 30-d-old mice. Inner ear sections (10 m) were washed three times in PBS, preincubated in PBS solution supplemented with 20% of normal goat serum for 1 h, and incubated with a mixture of a polyclonal antibody directed against otoferlin (1:500) and a monoclonal anti-␤-tubulin III antibody (1:200; Sigma) overnight at 4°C. After three washes in PBS, sections were incubated for 1 h with F(ab)Ј 2 fragment of goat anti-rabbit IgG antibody conjugated with Alexa488 fluorescein (Interchim) or goat anti-mouse IgG antibody conjugated with cyanine 3 fluorophore (Jackson ImmunoResearch) diluted at 1:500 in PBS. Sections were then washed three times in PBS and finally covered by one drop of Fluorsave medium (Biochem Laboratories).
For ribbon quantification, utricular whole-mount preparations fixed with 4% paraformaldehyde (PFA) in PBS were permeabilized with 0.3% Triton X-100 in PBS containing 20% normal goat serum for 1 h at room temperature. The primary antibodies against myosin VIIA, CtBP2, and GluR2-GluR3 were used at dilutions of 1:100, 1:500, and 1:200, respectively. Microphotographs were made using a confocal laser scanning microscope LSM510 Meta (Carl Zeiss, Pasteur Institute, Imageople).
Electron microscopy
Inner ears from 6-d-old mice were fixed as described previously (Roux et al., 2006) . The vestibular end organs were microdissected out individually and were processed by the progressive temperaturelowering technique. Ultrathin sections (70 nm) were cut with a Leica Ultracut S microtome and transferred to Formvar-coated single-slot grids. Immunogold labeling was performed as described previously (Roux et al., 2006) . The sections were incubated overnight with otoferlin or antibodies diluted to 1:200, washed, and then incubated for 2 h with 10 nm gold-conjugated goat anti-mouse or goat anti-rabbit antibodies (1: 50; Tebu). The sections were then stained with uranyl acetate and lead citrate and examined under a JEOL 1200EX electron microscope. For morphological analyses, inner ears were perfused with 4% PFA and 2% glutaraldehyde in PBS, pH 7.4, and immersed in the fixative solution for 2 h. They were then postfixed by overnight incubation in 1% osmium tetraoxide at 4°C, dehydrated in graded acetone concentrations, and embedded in Spurr's low-viscosity epoxy resin hardened at 70°C. Ultrathin sections were transferred to Formvar-coated single-slot grids, stained with uranyl acetate and lead citrate, and examined under a JEOL 1200EX electron microscope) (Pasteur Institute, Imageopole).
Results
Gravity receptor function is affected in otoferlin-deficient mice Gravity receptor function that arises from the otolithic vestibular organs, utricle and saccule, was analyzed in 2-month-old mutant mice lacking otoferlin (Otof Ϫ/Ϫ ), by recording compound action potentials of the vestibular nerve and central relays (VsEPs) during linear acceleration ramps (Jones et al., 1999; . Typical VsEP waveforms recorded from Otof ϩ/Ϫ and Otof Ϫ/Ϫ mice are shown in Figure 1 A. Table 1 lists the means and SDs for thresholds latencies and amplitudes of the first two positive (P1, P2) and negative (N1, N2) peaks of VsEPs.
The first response peak P1 was used for statistical analyses, because it is produced by the peripheral portion of the vestibular nerve and would be affected by a hair cell synaptic defect. At the maximum stimulus intensity presented (ϩ6 dB, re: 1.0 g/ms), P1 latency was significantly longer ( p Ͻ 0.05) ( Fig. 1 B) , P1-N1 amplitude was significantly smaller ( p Ͻ 0.05) (Fig. 1C) , and thresholds were significantly higher ( p Ͻ 0.05) ( Table 1) for Otof Ϫ/Ϫ mice than for Otof ϩ/Ϫ mice. Response peak latency for P1 decreased linearly with increasing stimulus intensity ( Fig. 1 B) . Linear fit of the latency decrease from individual animals gave a similar slope between Otof
and Otof ϩ/Ϫ mice (21.08 Ϯ 3.85 vs 21.47 Ϯ 4.70 s/dB, respectively). However, P1 latency was significantly prolonged for all stimuli tested in the Otof Ϫ/Ϫ mice as shown in the averaged data ( Fig. 1 B) . Prolonged latencies are consistent with a presynaptic defect producing delayed or reduced release of neurotransmitter from the hair cells. In heterozygote or wild-type mice, P1-N1 response amplitudes showed a near linear relationship with stimulus intensity. The amplitude-intensity slope (0.05 Ϯ 0.02 V/ dB) is consistent with values reported previously in other rodents (Jones et al., 1999; . In contrast, in Otof Ϫ/Ϫ mice, the synaptic transfer function between P1-N1 response amplitudes and stimulus amplitude was significantly reduced (0.03 Ϯ 0.02 V/ dB; p Ͻ 0.05). Response amplitudes pooled across animals for each genotype could be fitted by a power function with N ϭ 1.09 and N ϭ 4.11 for Otof ϩ/Ϫ and Otof Ϫ/Ϫ , respectively (Fig. 1C) . Overall, these results suggest that otoferlin knock-out mice have functional deficits of the peripheral gravity receptors. Notably, a previous study of deaf5/deaf5 mice carrying a missense mutation in Otof did not observe VsEP defects (Longo-Guess et al., 2007) . However, response parameters (latency and amplitude) were not quantified. Moreover, a missense mutation that substitutes an isoleucine for an asparagine in the C2B domain of the protein may have a different phenotype from the Otof knockout mice examined herein.
Spontaneous synaptic activity is not affected in utricular hair cells lacking otoferlin
In the vestibular organs, two types of hair cells are described according to their synaptic terminal: type I and type II hair cells (for review, see Goldberg, 1991; Eatock et al., 2008) . Type I hair cells are enveloped by a single calyx nerve ending, and type II hair cells receive several bouton endings (see Fig. 9 ). We took advantage of the large calyx endings surrounding type I hair cells to examine, in the cell-attached patch-clamp configuration, whether the pattern of spontaneous transmitter release is affected in the absence of otoferlin. Recordings were performed in intact utricles from P17-P27 mice in vitro. In Otof Ϫ/Ϫ mice, spontaneous firing activity was recorded, with a pattern of spikes (ranging from 8 to 30 Hz in frequency) similar to that of the wildtype mice ( Fig. 2 A, B) . Indeed, the mean firing frequency and averaged coefficient of variation, an index of firing regularity, were not statistically different between mutant (Otof Ϫ/Ϫ , n ϭ 8) and wild-type (Otof ϩ/ϩ , n ϭ 13) mice (Fig. 2C,D) . The firing activity was blocked by the AMPA receptor antagonist NBQX (50 M; n ϭ 3), indicating that it was driven by presynaptic glutamate release activating postsynaptic ionotropic glutamate receptors likely containing GluR2 and/or GluR3 AMPA receptor subunits (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The contribution of unconventional synaptic mechanisms (Goldberg, 1996) , such as direct depolarization attributable to K ϩ accumulation in the cleft of the calyx nerve endings, seems therefore limited in our in vitro conditions yet cannot be excluded in vivo. It is noteworthy that the block by the AMPA receptor antagonist proceeded very slowly and only after a period of 10 -15 min perfusion, as reported in afferent fibers of the semicircular canal ampullar crista (Lee et al., 2005) , which could reflect a poor access of the drug into the tight synaptic cleft of the calyx.
Spontaneous EPSCs were recorded at the calyx endings in the presence of TTX, which blocks action potential firing. No significant difference in the amplitude and frequency of EPSCs was found between wild-type (21 Ϯ 9 pA; n ϭ 11) and Otof Ϫ/Ϫ (22 Ϯ 9 pA; n ϭ 12) mice ( Fig.  2 E, F ). Both monophasic and multiphasic EPSCs that are suggestive of multivesicular release (Glowatzki and Fuchs, 2002) were observed in wild-type and mutant calyx endings (Fig. 2G,H ) . Similar kinetics were observed in mutant and wild-type mice (mean rise time, 0.91 Ϯ 0.17 vs 1.08 Ϯ 0.08 ms; mean time constant decay, 4.9 Ϯ 1.8 vs 6.1 Ϯ 1.3 ms, respectively; not statistically different at p Ͼ 0.05 in both cases). The amplitude histograms of EPSCs exhibited a skewed distribution with several discernable peaks, suggesting a multiquantal distribution and the possibility of coordinate release. A process of multivesicular release with perfect coordination would result in large-amplitude EPSCs. However, we cannot exclude that the multiphasic and large events could also arise from an overlapping activity of several ribbons or synapses. The single large afferent calyx fiber of type I hair cells receive inputs from several ribbons (release sites) and can also be dimorphic, i.e., connected to another hair cell with a calyx or a bouton ending. EPSCs amplitude distributions and interevent interval histograms were unchanged in Otof Ϫ/Ϫ calyx endings ( Fig. 2G-J) . Therefore, the absence of otoferlin does not seem to affect spontaneous neurotransmitter release and the expres- 
Ca 2؉ -dependent exocytosis is reduced in utricular hair cells lacking otoferlin
Fusion of vesicles to the plasma membrane (exocytosis) was probed in hair cells of intact utricular organs by monitoring C m in the whole-cell patch-clamp configuration using a lock-in amplifier. All experiments were performed on utricles dissected from P4 -P9 mice, an age at which vestibular organs are functional and hair cells have nearly acquired their mature voltage-gated conductances (Rüsch et al., 1998) . We used P4 -P9 mice here because longer and more stable whole-cell patch recordings could be obtained at this age. C m responses were evoked by depolarizing voltage steps that are known to activate L-type Ca 2ϩ currents (I Ca ) in rodent vestibular hair cells (Bao et al., 2003; Almanza et al., 2003; Dou et al., 2004) . To isolate I Ca from other currents in the following experiments, we added 1 M TTX, 10 mM TEA, and 100 nM apamin to the extracellular solution and used a cesium chloride intracellular solution to block most of the outward potassium currents. (Figs. 3, 4) . In both cell types, analysis of the current-voltage relationship indicated that I Ca activates near Ϫ40 mV and reaches a maximum near Ϫ10 mV (Fig.  4 D, H ). Concomitant to I Ca activation, a C m increase (⌬C m ) was recorded in 95% of the wild-type hair cells tested (n ϭ 45 for type I and n ϭ 16 for type II hair cells), the amplitude of which varied with depolarizing step level and duration, as shown previously for cochlear hair cells (Johnson et al., 2005; Beurg et al., 2008) . The voltage-activation curve of ⌬C m displayed a bell shape that followed the I Ca activation curve (Fig. 4C,D) , consistent with ⌬C m being activated consecutive to Ca 2ϩ influx. In type I hair cells, a 25 ms depolarization from Ϫ80 to Ϫ10 mV triggered an inward current (I Ca ) with a mean amplitude of 6.6 Ϯ 1.4 pA (n ϭ 8) and a concomitant C m jump averaging 5.5. Ϯ 0.6 fF in a perilymph-like extracellular solution containing 1.3 mM Ca 2ϩ (Fig. 3B ). Rising [Ca 2ϩ ] ext to 5 mM resulted in an increased I Ca amplitude with peak values of 29.0 Ϯ 3.1 pA (n ϭ 14) at Ϫ10 mV (Fig. 4 D) . In the same conditions in 5 mM [Ca 2ϩ ] ext , type II hair cells had a significant larger I Ca of 58.2 Ϯ 5.0 pA (n ϭ 9) (Fig. 4 E, H ). Normalized to their respective membrane surface areas (C m ), type I and type II hair cells showed a maximum Ca 2ϩ current density of 7.9 and 14.9 pA/pF, respectively. The ⌬C m responses, for a 500 ms depolarization, were 17.5 Ϯ 2.4 and 21.1 Ϯ 5.8 fF in type I and type II hair cells, respectively (Fig. 4C,G) . Therefore, the Ca 2ϩ efficiency of exocytosis (⌬C m /I Ca ) is higher in type I hair cells (0.60 fF/pA) than in type II hair cells (0.36 fF/pA).
Both I Ca and ⌬C m were reduced when adding 50 M nifedipine (reduction by 72 Ϯ 6 and 93 Ϯ 3%, respectively; n ϭ 4). These characteristics of I Ca in type I and type II utricular hair cells are in good agreement with those described in the ampullar crista (Bao et al., 2003; Almanza et al., 2003; Dou et al., 2004) . Together, our results suggest that vestibular hair cell exocytosis is activated channels. Ca 2ϩ currents in vestibular hair cells, as in cochlear hair cells, do not display rapid time inactivation (Bao et al., 2003 and the present study). This unusual feature of Ca v 1.3 Ca 2ϩ channels has been proposed to depend on a regulation by a calmodulinlike Ca 2ϩ binding protein, CaBP4 (Yang et al., 2006; Grant and Fuchs, 2008) . This non-inactivating property of the Ca 2ϩ current is certainly essential for the steadiness of transmitter release during constant stimulation of cochlear and vestibular hair cells.
To characterize the dynamics of vesicle pool recruitment, we used a single depolarizing step (from Ϫ80 to Ϫ10 mV) with increasing duration from 10 to 3000 ms (in 5 mM extracellular Ca 2ϩ to ease I Ca measurement) (Fig. 5) . The time-dependent change of C m could be fitted by the sum of two exponential functions with time constants of 30 and 1031 ms in type I hair cells and 170 and 1291 ms in type II hair cells, respectively (Fig. 5) . This may correspond to the existence of two synaptic pools: a readily releasable pool (RRP) that presumably arises from vesicles docked at the active zones, and a secondary releasable pool (SRP) that represents the release of vesicles located further from the Ca 2ϩ channels. Using a value of 37 aF per vesicle (Lenzi et al., 1999) , a single-exponential fit to the first RRP phase (Fig. 5 A, B, insets) gave a total release of 270 and 614 vesicles with release rates of 110 Ϯ 8 fF/s (ϳ2970 vesicles/s) and 65 Ϯ 9 fF/s (ϳ1756 vesicles/s) in type I and type II hair cells, respectively.
To rule out any significant influence of endocytosis on the rates of exocytosis, the time course of endocytosis was evaluated after a 500 ms pulse depolarization from Ϫ80 to Ϫ10 mV by monitoring the subsequent C m reduction (Fig. 6 A) . Endocytosis could be well approximated by a single-exponential function with an average time constant of 8.6 Ϯ 1.3 s (n ϭ 8). This time constant of endocytosis in vestibular hair cells is similar to values reported previously in auditory hair cells (Moser and Beutner, 2000; Schnee et al., 2005) . The slow kinetics of endocytosis suggests that it contributes little to our ⌬C m measurements for pulse depolarization durations below 3 s.
The RRP and SRP per cell values found here are two to four times smaller than those reported in other hair cell types . This difference is presumably attributable to the small size of mouse utricular hair cells (with a mean surface membrane area corresponding to a C m value of ϳ4 fF; see Materials and Methods) and to the presence of fewer synaptic zones. Indeed, vestibular hair cells are approximately two times smaller than cochlear inner hair cells (mean C m for inner hair cells of ϳ8 pF) (Moser and Beutner, 2000; Johnson et al., 2005) and approximately four times smaller than frog saccular hair cells (mean C m of 15-16 pF) (Edmonds et al., 2004) . If we assume a mean of seven to nine ribbons per vestibular hair cell (see our results below) compared with ϳ15-20 in apical inner hair cells (Meyer et al., 2009) Ϫ/Ϫ type I hair cells (n ϭ 26) showed a normal I Ca (peak amplitude, 5.4 Ϯ 1.9 and 32.5 Ϯ 5.8 pA in 1.3 and 5 mM [Ca 2ϩ ] ext , respectively) but no significant ⌬C m responses (below background threshold of 0.5 fF) when depolarized from Ϫ80 to Ϫ10 mV for 10 ms up to 200 ms (Fig. 3C ). The ⌬C m response was markedly reduced to 1.1 Ϯ 0.5 fF (n ϭ 13) during a 500 ms depolarization at the voltage value corresponding to peak I Ca (Fig. 4 B, C) . The first kinetic component of the ⌬C m response, corresponding to the RRP, was abolished in both 1.3 mM (Fig.  3C ) and 5 mM [Ca 2ϩ ] ext conditions (Fig. 5A, inset) , whereas the second kinetic component of exocytosis, corresponding to the However, near the holding strand (black line above at right), which maintains and creases the utricle epithelium, the sensory hair cells could sometimes be seen from their side (right). Scale bar, 10 m. A 25 ms voltage step (from Ϫ80 to Ϫ20 mV) activated I Ca and a ⌬C m response in wild-type type I hair cells (B). Although similar stimulation produced a normal I Ca in Otof Ϫ/Ϫ mice, the ⌬C m response was absent (C). The series resistance (R s ) was verified to be stable during the recordings.
SRP, persisted but with a significant large time constant of 2042 ms (Fig. 5A) .
The defective exocytosis in the mutant type I hair cells could not be attributed to changes in the properties of the Ca 2ϩ currents. Indeed, analysis of normalized conductance-voltage curves gave indistinguishable parameters G max (maximum conductance), V 1/2 (potential giving half-activation), and S (slope) when fitted with a first-order hair cells (for a step from Ϫ80 to Ϫ10 mV; ϭ 0.42 Ϯ 0.03 and 0.45 Ϯ 0.05 ms, respectively). Finally, I Ca showed similar low inactivation, with a mean reduction of 7.5 Ϯ 2.5 and 6.7 Ϯ 3.3% over a 500 ms voltage step from Ϫ80 to Ϫ10 mV in wild-type and Otof Ϫ/Ϫ hair cells, respectively. Tested under similar conditions, type II hair cells from Otof Ϫ/Ϫ mice displayed I Ca (70.3 Ϯ 8.1 pA) and ⌬C m responses (19.8 Ϯ 7.2 fF) that were not significantly different from wildtype II hair cells when stepping the cells from Ϫ80 to Ϫ10 mV for 500 ms (n ϭ 17) (Fig. 4 F-H ) . However, the C m -voltage activation curve in mutant mice showed significant lower C m responses for small depolarizations at Ϫ40 and Ϫ30 mV, that is when I Ca is ] ext . Each step was separated by 1 min. A first phase of exocytosis during short stimuli ranging from 10 to 200 ms recruited an initial small ⌬C m component that likely represents the RRP of vesicles docked at the active zones (inset). In wild-type hair cells (open black circles; n ϭ 17), data were best fitted using a singleexponential function with ϭ 34 ms and maximum of 9.9 fF. Note that Otof Ϫ/Ϫ hair cells tested in similar conditions did not show significant ⌬C m responses (filled red circle; n ϭ 19). In wild-type hair cells (open black circles; n ϭ 15), the ⌬C m variation between stimuli ranging from 10 to 3000 ms could be fitted with the sum of two exponentials ( 1 ϭ 30 ms and 2 ϭ 1031 ms, with a maximum ⌬C m of 37.2 fF). In Otof Ϫ/Ϫ hair cells (filled red circles; n ϭ 14), data were fitted with a single exponential ( ϭ 2042 ms). B, In type II hair cells, in similar experimental conditions, ⌬C m kinetics in wild-type cells (open black circles; n ϭ 9) could also be fitted by the sum of two exponentials ( 1 ϭ 170 ms and 2 ϭ 1291 ms). In Otof Ϫ/Ϫ type II hair cells (filled red circles; n ϭ 14), the initial phase of the RRP (up to 200 ms) was significantly reduced (inset), whereas the SRP was essentially unaffected. small ( Fig. 4G) ( p Ͻ 0.05), indicating that the Ca 2ϩ -dependent exocytotic process is also affected in type II hair cells lacking otoferlin. The release rate of the RRP component of the C m response was indeed significantly reduced to a maximum initial release of 34 Ϯ 9 fF/s, a value approximately two times lower than in wild-type cells (Fig. 5B, inset) . In contrast, the release rate of the SRP was not significantly affected (Fig. 5B) . Again, type II hair cells lacking otoferlin showed normal I Ca . Indeed, normalized conductance-voltage curves gave indistinguishable parameters (G max , V 1/2 , and S; p Ͼ 0.05) between wild-type (n ϭ 9 cells; in 5 mM [Ca 2ϩ ] ext ; G max ϭ 2.17 Ϯ 0.13 nS; V 1/2 ϭ Ϫ26.79 Ϯ 0.69 mV; S ϭ 6.15 Ϯ 0.61 mV) and Otof Ϫ/Ϫ (n ϭ 14 cells; in 5 mM [Ca 2ϩ ] ext ; G max ϭ 2.59 Ϯ 0.45 nS; V 1/2 ϭ Ϫ23.49 Ϯ 1.88 mV; S ϭ 5.25 Ϯ 1.62 mV) cells when fitted with a first-order Boltzmann equation. Furthermore, the time constants of I Ca activation were similar in wild-type and Otof Ϫ/Ϫ type II hair cells (Ϫ10 mV; ϭ 0.54 Ϯ 0.05s and 0.56 Ϯ 0.09 ms, respectively). Finally, I Ca showed similar low inactivation, with a reduction of 9.1 Ϯ 2.3 and 9.9 Ϯ 4.0% over a 500 ms step from Ϫ80 to Ϫ10 mV in wild-type and Otof Ϫ/Ϫ hair cells, respectively. (Brandt et al., 2005) . In contrast, an organization of synaptic Ca 2ϩ domains that involves an overlapping population-based Ca 2ϩ channels such as proposed in frog saccular hair cells (Roberts et al., 1990; Roberts, 1994) predicts that changes in the number of open channels or in the Ca 2ϩ flux per channel would produce exocytosis with a similar linear dependence on Ca 2ϩ (Augustine et al., 2003 Fig. 5A ). This protocol tests the intrinsic Ca 2ϩ sensitivity of the synaptic machinery independently of the respective contributions of the number of open channels and Ca 2ϩ flux per channel. Considering that vesicle fusion (⌬C m ) is proportional to the nth power of Ca 2ϩ activity at release sites (Zucker and Fogelson, 1986) , data were fitted by the equation ⌬C m ϭ g [Q Ca ] N with N ϭ 0.72 Ϯ 0.02 (slope factor, g ϭ 4.56 fF/pC; R 2 ϭ 0.97) and N ϭ 0.90 Ϯ 0.02 ( g ϭ 1.40 fF/pC; R 2 ϭ 0.99) in type I and type II hair cells, respectively, indicating an almost linear relationship between cumulative Ca 2ϩ entry and exocytosis in both cell types and a more efficient process in type I hair cells (Fig. 7 A, D ). An N value of 0.72 indicates that the fitting curve is somewhat "convex," which is likely attributable to the fact that, near the final Q Ca range, exocytosis almost reaches saturation in type I hair cells (Fig. 5 A, inset) . Our results thus suggest that the amount of exocytosis is a linear function of cumulative Ca 2ϩ entry at the active zone both in type I and type II hair cells. This conclusion is compatible with the Ca 2ϩ "shell domain" model in which diffusion of Ca 2ϩ ions and intracellular Ca 2ϩ buffers near the membrane are not free at the release site, then allowing saturation of the sensor and a linear increase of exocytosis with depolarization duration (Roberts 1994; Kits et al., 1999; Mansvelder and Kits, 2000) .
In Otof Ϫ/Ϫ utricles, using a similar protocol, RRP exocytosis was completely abolished in type I hair cells (Figs. 5A, 7A , red symbols) and only partially reduced in type II hair cells (Fig. 7D) . In Otof Ϫ/Ϫ type II hair cells, data were best fitted by using a power function with N ϭ 1.71 Ϯ 0.03 and a reduced slope factor g ϭ 0.07 Ϯ 0.01 fF/pC (Fig. 7D) . Remarkably, RRP exocytosis in Otof Ϫ/Ϫ type I hair cells could be partially rescued when increasing [Ca 2ϩ ] ext from 5 to 10 mM (Fig. 6 A, green symbols). Data were then fitted using a power function with N ϭ 2.20 Ϯ 0.10 and a reduced slope factor g ϭ 0.02 Ϯ 0.004 fF/pC (Fig. 7A) . These results suggest that either the Ca 2ϩ affinity of the synaptic machinery is markedly decreased or the free diffusion of Ca 2ϩ ions at the release sites is modified in such a way that the sensor is no longer saturated. (Fig. 7 B, E,F ) . To avoid underestimation of Ca 2ϩ entry (Q Ca ) by unblocked outward K ϩ current at large depolarizing potentials, exocytosis was here plotted against I Ca peak amplitude. Data were again fitted by using a power function ⌬C m ϭ g [I Ca ] N , with I Ca varying primarily as a function of open Ca 2ϩ channels (number increasing with depolarization up to a maximum at Ϫ10 mV). Data were best fitted by a power function with N ϭ 0.83 Ϯ 0.08 ( g ϭ 1.10 Ϯ 0.30 fF/pA) and N ϭ 0.85 Ϯ 0.08 ( g ϭ 0.66 Ϯ 0.19 fF/pA) in type I and type II hair cells, respectively (Fig. 7 B, (Rüsch et al., 1998) , we found that ⌬C m and I Ca maintained a similar linear relationship between Ϫ10 and 0 mV. At these potentials, the number of open Ca 2ϩ channels is constant and maximum; I Ca thus mainly reflects Ca 2ϩ flux per channel that depends on the driving force (Fig. 7B, blue circle) . To overcome the problem of the outward current at positive potentials, the relationship between ⌬C m and Ca 2ϩ flux per channel was further examined in type I hair cells by using different [Ca 2ϩ ] ext (0, 1.3, 5, and 10 mM) at constant and maximal voltage activation of Ca 2ϩ channels (Ϫ10 mV) from a holding potential of Ϫ80 mV, for a 500 ms duration. Data were again approximated using a power function ⌬C m ϭ g [I Ca ] N , with I Ca varying only as a function of the Ca 2ϩ flux per channel at constant open channel probability. Using this protocol, the Ca 2ϩ dependence of exocytosis showed again a linear relationship. Indeed, data were best fitted using a power function with N ϭ 0.97 Ϯ 0.05 and a slope factor g ϭ 0.95 Ϯ 0.20 fF/pA (Fig. 7C) . Notably, a similar linear relationship was obtained when using shorter pulse durations of 50 or 100 ms (data not shown).
In type II hair cells, the Ca 2ϩ dependence of ⌬C m could be studied at positive potentials with no apparent outward contaminating current up to ϩ20 mV. As in type I hair cells, ⌬C m showed a linear relationship with I Ca both for small depolarizations (the driving force for Ca 2ϩ entry is large, whereas only few channels are opened) (Fig. 7E, black circles) and large depolarizations (the number of open channels is maximum above Ϫ10 mV, but the Ca 2ϩ flux per channel decreases as the voltage increases) (Fig. 7E,  blue circles) .
Together, these results suggest that exocytosis in type I and type II hair cells is proportional to total Ca 2ϩ entry, whatever the number of open channels and the Ca 2ϩ flux per channel. This situation seems not to be compatible with an organization of independent Ca 2ϩ nanodomains as proposed in cochlear inner hair cells, in which a change in the Ca 2ϩ flux per channel is nonlinearly related to the ⌬C m response (Brandt et al., 2005) . Our data rather indicate a situation similar to the one described in frog saccular hair cells, in which it has been suggested that tens of Ca 2ϩ channels cooperate in a large "Ca 2ϩ domain" at each synaptic active zone (Roberts et al., 1990; Roberts, 1994) .
Using a similar test potential, when primarily varying the number of open channels, data points in mutant type I hair cells were best fitted by using a power function with N ϭ 3.22 Ϯ 0.71 and a markedly reduced efficiency (Fig. 7B) . When varying the Ca 2ϩ flux per channel in various extracellular Ca 2ϩ concentrations (0, 1.3, and 5 mM; 10 and 20 mM) at constant voltage and duration, Otof Ϫ/Ϫ type I hair cells also displayed a nonlinear relationship between I Ca and ⌬C m (N ϭ 3.38 Ϯ 0.06) and a markedly reduced Ca 2ϩ efficiency (Fig. 7C) . In mutant type II hair cells, for small depolarizations between Ϫ80 and Ϫ10 mV (increasing open channel probability) data were best fitted by using a power function with N ϭ 2.10 Ϯ 0.20 and a markedly reduced efficiency of exocytosis compared with wild-type cells (Fig. 7E) . Remarkably, for large depolarizations between Ϫ10 and ϩ20 mV, i.e., at constant maximum open channel probability but decreasing Ca 2ϩ flux per channel, the transfer function between ⌬C m and I Ca showed a linear dependence that was approximated by using a power function with N ϭ 0.90 Ϯ 0.16, which was not significantly different from wild type with N ϭ 0.80 Ϯ 0.24 (Fig. 7F ) .
These results show that, for small depolarizations, exocytosis in Otof Ϫ/Ϫ type I and type II hair cells cannot be approximated by a simple linear transfer function of summed Ca 2ϩ entry. In the absence of otoferlin, exocytosis is much less efficient and functions in a cooperative way.
Sensitivity of exocytosis to internal Ca 2ϩ buffering. The comparative ability of intracellular BAPTA and EGTA to block Ca 2ϩ -triggered events is also a way to address the spatial organization of the Ca 2ϩ channels and the Ca 2ϩ sensor (Augustine et al., 2003) . The two buffers have a similar equilibrium affinity for Ca 2ϩ , but BAPTA displays a 10 times faster rate for Ca 2ϩ binding than EGTA. Therefore, BAPTA is expected to block Ca 2ϩ action within nanodomains, whereas EGTA would only limit intracellular Ca 2ϩ spread in microdomains. An equal BAPTA/EGTA efficacy to block exocytosis would implicate primarily diffused Ca 2ϩ signals such the calyx of Held synapse (Augustine et al., 2003) . In wildtype type I hair cells, we found that exocytosis during a 500 ms pulse depolarization from a holding potential of Ϫ80 to Ϫ10 mV was completely blocked by 5 mM BAPTA (n ϭ 4) but unaffected with 5 mM EGTA (n ϭ 5) (Fig. 6 B) . Furthermore, tested in similar conditions, 5 mM EGTA did not block exocytosis responses in wild-type and Otof Ϫ/Ϫ type II hair cells (n ϭ 2; data not shown). These results suggest that the Ca 2ϩ channels are located at a nanometer-sized distance from the release sites in vestibular hair cells.
Vestibular hair cells of Otof
Ϫ/Ϫ mice display morphologically normal ribbon synapses We examined whether otoferlin is produced by the two types of vestibular hair cells and whether there are synaptic structural defects in hair cells lacking otoferlin that could explain the abovementioned abnormal exocytosis in these cells. Double-immunolabeling study, using otoferlin and ␤-tubulin antibodies to label the hair cells and their afferent nerve endings, respectively, showed similar otoferlin distribution in type I and type II hair cells from the P7 mouse utricle (Fig.  8 A-C) , saccule, and semicircular canals (data not shown). Notably, otoferlin was detected throughout the cytoplasm from the cuticular plate to the basal synaptic region as reported for cochlear hair cells (Roux et al., 2006) . Similar distribution has been reported in cochlear hair cells for the SNARE proteins SNAP25 and syntaxin1 (Safieddine and Wenthold, 1999) . These findings are consistent with the proposal according to which the apical part of the hair cells is also involved in vesicle resupply of the ribbon synapse during long stimulations (Griesinger et al., 2005) . Postembedding immunogold electron microscopy showed that, just like in cochlear hair cells (Roux et al., 2006) , otoferlin is located at the synaptic active zone of vestibular hair cells, including synaptic vesicles and the presynaptic plasma membrane (Fig.  8 E) . In the three ribbon-containing active zones analyzed in type I hair cells from P6 mouse utricles, we found that the gold particles were mainly associated with the presynaptic plasma membrane and the vesicles attached to the ribbon. Gold particles were also observed at extrasynaptic zones on the endoplasmic reticulum and Golgi apparatus of the hair cells (data not shown).
Next, we performed a comparative analysis of the ribbon synapse ultrastructure by electron microscopy in vestibular hair cells of P6 wild-type and mutant mice. In both genotypes, we found that type I and type II hair cells have typical ribbon synapses with a distinct postsynaptic density and presynaptic thickening that is marked with a ribbon decorated with synaptic vesicles (Fig. 9 ) (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Quantification of the size of the active zones did not show any difference between otoferlin-deficient vestibular synapses and their littermate wild-type controls (197 Ϯ 10 nm, n ϭ 25 vs 206 Ϯ 12 nm, n ϭ 31; p Ͼ 0.05). The number of vesicles associated to the ribbon anchored at the synaptic active zone was also not significantly different (12 Ϯ 0.7 and 15 Ϯ 1.0 in mutant and controls, respectively; p Ͼ 0.05). Two to three vesicles were on average seen docked to the presynaptic plasma membrane below the ribbon, in both wild-type and mutant synapses. A double-staining experiment using antibodies against CtBP2 and GluR2/3 to label the ribbon and postsynaptic terminal, respectively (Roux et al., 2006) , showed similar GluR2/3 expression in Otof Ϫ/Ϫ and wild-type utricles (supplementalFig.S2,availableatwww.jneurosci. org as supplemental material). In addition, double staining using antibodies against myosin VIIA and CtBP2 to label the hair cell soma and the ribbons, respectively, did not show any significant difference in the number of ribbons per hair cell between mutant and wild-type hair cells from the central area of the utricle, regardless of the cell type (9 Ϯ 0.8, n ϭ 63 vs 7 Ϯ 1.7, n ϭ 56, respectively; p Ͼ 0.05) (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material).
Together, these results suggest that synaptic formation and assembly proceed normally in the vestibular hair cells of Otof Ϫ/Ϫ mice, as reported for cochlear hair cells (Roux et al., 2006) . Furthermore, our observation that the numbers of vesicles tethered to the ribbon and docked to the presynaptic plasma membrane are not different between wild-type and mutant mice indicates that neither the biogenesis nor the docking processes of synaptic vesicles are compromised in the mutants. This is consistent with a previous report involving otoferlin in a step downstream from the docking step of synaptic vesicles to the plasma membrane (Roux et al., 2006) .
Discussion
Otoferlin is not essential for spontaneous synaptic activity The spontaneous postsynaptic firing activity that was recorded at the afferent calyx endings of vestibular hair cells from Otof Ϫ/Ϫ mice led us to draw two main conclusions. First, normal spontaneous vesicular release is taking place at the hair cell synapse lacking otoferlin, which is consistent with the morphologically normal synapses observed in these mice. Second, otoferlin is not essential for the associated hair cell synaptic vesicle priming or fusion. In addition, residual evoked vestibular potentials and Ca 2ϩ -dependent exocytosis were observed in Otof Ϫ/Ϫ hair cells, indicating that, if otoferlin is a Ca 2ϩ sensor, another one is present in these vestibular mutant hair cells. Such a configuration has already been reported in neuronal synapses and adrenal chromaffin cells in which different Ca 2ϩ sensors may coexist (Xu et al., 2007; Schonn et al., 2008) . Because mature hair cells, unlike neurons, do not fire spontaneous action potential, spontaneous transmitter release could involve low voltageactivated Ca 2ϩ channels such as Ca v 3.1 T-type channels (Nie et al., 2008 ) that can be readily activated near resting membrane potential. The mechanisms of otoferlin-independent vesicular release that drives spontaneous activity in vestibular hair cells remain be elucidated.
Type I hair cells display exocytosis with faster kinetics and higher Ca 2؉ sensitivity than type II hair cells To further explore the cause of the defective VsEPs transfer function in Otof Ϫ/Ϫ mice, we set up to investigate for the first time the mechanisms of Ca 2ϩ -dependent exocytosis in mammalian vestibular hair cells. We first established that type I hair cells in wild-type mice display L-type Ca 2ϩ currents activating a fast (RRP) and slow (SRP) phase of exocytosis resembling those previously described in mammalian cochlear hair cells (Moser and Beutner 2000; Johnson et al., 2005; Beurg et al., 2008) and lower vertebrate hair cells (Parsons et al., 1994; Edmonds et al., 2004; Schnee et al., 2005) . We found that the RRP exocytosis of type I hair cells displayed activation kinetics ( ϭ 34 ms) comparable with that of cochlear hair cells ( ϭ 53 ms) but a lower release rate of 110 versus 459 fF/s (Johnson et al., 2005) . However, the release rates become similar when normalized to the number of synaptic ribbons, which is approximately two to four times higher in cochlear inner hair cells than in vestibular hair cells (Roux et al., 2006; Johnson et al., 2008 Exocytosis in type II hair cells displayed slower kinetics and reduced Ca 2ϩ efficiency compared with type I hair cells. Differences in exocytosis have also been found in the photoreceptors of the retina, with cones showing 10-fold faster kinetics than rods (Rabl et al., 2005) , but also between immature and mature cochlear hair cells (Johnson et al., 2005) and between low-and high-frequency gerbil cochlear hair cells (Johnson et al., 2008) . Many different factors can influence synaptic exocytosis, such as the presence of different Ca 2ϩ mobile buffers and differences in the intrinsic Ca 2ϩ affinity of the Ca 2ϩ sensor itself (Thoreson, 2007) . The implication of several Ca 2ϩ -sensing mechanisms, the combination of which could specify the different kinetics of type I and type II vestibular hair cells as reported in the calyx of Held synapse and in adrenal chromaffin cells (Sun et al., 2007; Schonn et al., 2008) , should be considered in future studies. (Moser and Beutner, 2000; Johnson et al., 2005 Johnson et al., , 2008 Beurg et al., 2008) and in hair cells from the turtle auditory papilla (Schnee et al., 2005) .
Experiments with flash photolysis of intracellular caged Ca 2ϩ , which directly probe the intrinsic affinity of the Ca 2ϩ sensor (independently of Ca 2ϩ channels), have shown that cochlear inner hair cell exocytosis displays a fifth-order Ca 2ϩ cooperativity in the low micromolar range of Ca 2ϩ concentrations and becomes almost linear above 10 M (Beutner et al., 2001) . How is it possible that the Ca 2ϩ sensor has an intrinsic cooperative Ca 2ϩ dependence, whereas exocytosis translates into a linear relation with Ca 2ϩ entry during depolarization? The most likely explanation is that, during voltage activation of Ca 2ϩ channels, the Ca 2ϩ concentration at the release sites instantaneously saturates the Ca 2ϩ sensor. The use of Ca 2ϩ -activated K ϩ channels has indeed indicated that the Ca 2ϩ concentration instantaneously rises as much as several hundred micromolar at the active zone of frog saccular hair cells during depolarization (Roberts et al., 1990) . In cochlear inner hair cells, the Ca 2ϩ dependence of exocytosis or transmitter release has been shown to be linear when varying the number of open Ca 2ϩ channels and to be highly cooperative when changing the single-channel current (Brandt et al., 2005; Goutman and Glowatzki, 2007) . This behavior is compatible with an organization of independent (nonoverlapping) Ca 2ϩ nanodomains, in which the activity of one or few Ca 2ϩ channels is sufficient to activate release of a nearby vesicle (Zucker and Stockbridge, 1983; Zucker and Fogelson, 1986; Augustine, 1990) . In contrast, we found here that exocytosis in vestibular type I and type II hair cells is linearly related to cumulative Ca 2ϩ entry, whatever the respective contributions of the Ca 2ϩ channel open probability and Ca 2ϩ flux per channel, which is suggestive of a microdomain-like organization (Engisch and Nowycky, 1996; Mansvelder and Kits, 2000) . However, the high BAPTA efficacy relative to the EGTA to block exocytosis in vestibular hair cells argues for a nanometer-sized distance between the calcium sensor and the Ca 2ϩ channels. Moreover, the active zone of vestibular hair cells has an "intrinsic nanometric size" with a diameter of ϳ200 nm, which might contain as many as 60 Ca 2ϩ channels (our estimation). In goldfish or frog saccular hair cells, freezefracture electron-microscopy observations of the synaptic active zone have shown the presence of orderly parallel arrays of particles (Hama, 1980; Roberts et al., 1990; Roberts, 1994) . These arrays of particles have been suggested to reflect the organization of structures that align ϳ90 Ca 2ϩ channels below the ribbon and where between the rows of particles are possibly located, within Ͻ50 nm, the vesicle attachment sites for synaptic release. Roberts (1994) suggested that such an organization in arrays would bring Ca 2ϩ channels close together and allow Ca 2ϩ activity from different channels to overlap to reach micromolar concentrations at the release sites. Our results, suggesting a cumulative effect of individual Ca 2ϩ currents on exocytosis, are compatible with such a spatial organization of the Ca 2ϩ channels and release site at the synaptic zone of mammalian vestibular hair cells.
The mutant hair cells showed a reduced exocytosis with a nonlinear Ca 2ϩ dependence that is likely related to the intrinsic cooperativity of the synaptic machinery. In Otof Ϫ/Ϫ type II hair cells, the early rapid phase of exocytosis was less efficient and nonlinearly related to Ca 2ϩ when we varied the number of open Ca 2ϩ channels during small depolarizations, whereas the response became linear when only varying the Ca 2ϩ flux per channel at maximum open channel probability. The "hysteresis" in the curve relating exocytosis to Ca 2ϩ influx is compatible with a cooperative recruitment of Ca 2ϩ domains at small depolarizations in the absence of otoferlin. The results suggest that otoferlin, which can interact with L-type Ca v 1.3 Ca 2ϩ channels and SNARE proteins (Roux et al., 2006; Ramakrishnan et al., 2009 ), works as a high-affinity Ca 2ϩ sensor that allows linearity at low Ca 2ϩ level. The possibility that several calcium-sensing mechanisms underlie the synaptic exocytosis of vestibular hair cells should also be considered. These mechanisms may involve a high-affinity Ca 2ϩ -sensing machinery that involves otoferlin (Q Ca below 5 pC) and a nonlinear low-affinity calcium-sensing machinery (Q Ca above 5 pC). Alternatively, otoferlin may not be the final sensor but be required for the formation of a sensitive, readily saturated, Ca 2ϩ -sensing synaptic machinery.
Physiological significance of a linear synaptic transfer at the first synapse in the vestibular pathway A linear Ca 2ϩ dependence of transmitter release at the first synapse in the vestibular pathway is certainly essential for an efficient and precise transmission, without distortion, of small sensory signals into the brainstem circuitry of the vestibular ocular reflex. Interestingly, the first central synapse of the vestibular system also displays a remarkable linear relationship between the rate of stimulation of the vestibular afferents and the synaptic charge transfer in postsynaptic vestibular nucleus neurons (Bagnall et al., 2008) . The lack of short-term dynamics, facilitation or depression, at these central synapses seems an important feature to ensure linearity. Our findings suggest that the remarkable characteristics of the vestibular system, its temporal precision, sensitivity, and wide dynamic range, first rely on a linear transmission at the hair cell synapse, with otoferlin being critical for exocytosis to achieve a highly sensitive linear Ca 2ϩ dependence.
